ABSTRACT. This paper describes IUE ultraviolet observations of three Be-star/X-ray binaries in the LMC: CAL 9, CAL Ε, and RX J0520.5-6932. Because the optical spectra show evidence of an overlying continuum source, ultraviolet spectra were obtained to further investigate its properties, but no UV emission lines are found. The UV spectra have been compared to models indicating that the stellar temperatures are near 30,000 Κ (for log g=4.0). This is in agreement with the temperatures suggested by the spectral type determined in the optical region. Thus, there is no clear evidence in either the optical or UV regions of the gas being accreted by the unseen compact companion which must give rise to the X-ray emission. Optical photometry shows these systems undergo irregular variations of up to a few tenths of a magnitude.
INTRODUCTION
Massive X-ray binaries (MXRB) can be divided into two categories depending on the type of primary star and hence the mode of mass transfer onto the degenerate star companion. The MXRB primaries are about equally divided between early-type supergiants and Be stars. As was first noted by Maraschi et al. (1976) , the principle difference between these types of systems is the origin of the mass transfer. In the supergiant systems, the neutron star accretes material lost from the primary by Roche lobe overflow and/or a stellar wind, while in the Be-star systems the neutron star accretes material when it passes through an extended gaseous envelope surrounding the primary. Examples and properties of Be-star systems have been discussed by numerous authors (e.g., Bradt and McClintock 1983; van Paradijs 1983; van den Heuvel and Rappaport 1987; Corbet 1984; Parmar 1994) . Several dozen such Be-star/X-ray binaries are known. Many contain pulsars with periods ranging from 0.07 s (A0538-66) to 835 s (X Per). Corbet (1984) has shown that the pulsar rotation period and the binary orbital period are related. The widest orbits contain the slowest pulsars since less material is transferred and hence the neutron star undergoes less of a spinup. A few such Be-star/X-ray binaries are known in the Large Magellanic Cloud (LMC), including the recurrent 16-day transient 0535-66 (Charles et al. 1983 ), CAL 9 (Cowley et al. 1984) , and CAL Ε (Crampton et al. 1985) . Schmidtke et al. (1994) recently identified a ROSAT source, RX J0520.5 -6932, with another LMC Be star. Spectra of the latter three systems show a late-0 or early-B type primary with weak, variable hydrogen emission lines. The He I and π absorption lines are too weak for the spectral types implied by line ratios, indi^isiting Astronomers, Cerro Tololo Inter-American Observatory, National Optical Astronomy Observatories, which is operated by the Association of Universities for Research in Astronomy, Inc., under contract with the National Science Foundation. 2 Guest Observers, International Ultraviolet Explorer. eating the presence of an additional continuum source, such as a bright disk. Ultraviolet observations of these three systems are discussed in this paper. First, we present some details about each of these systems.
1.1 Properties of CAL 9, CAL Ε, and RX J0520.5-6932 CAL 9 (RX J0501.6-7034) was originally detected as a point X-ray source by the Einstein Observatory (Long et al. 1981) . Optical identification with a Be star was suggested by Cowley et al. (1984) , but it was not until an improved position was obtained with the ROSAT-YÍR1 that it was confirmed that this star is the counterpart (Schmidtke et al. 1994 ; see finding chart in their Fig. 3) . The star appears to be Harvard Variable HV 2289 (Nail and Shapley 1955) which was reported to exhibit a range from 14.0 to 14.8 in its photographic magnitude. We find it has a mean magnitude and color of 14.5 and B-V~ -0Λ. Crampton et al. (1985) determined the spectral type of the primary star is BOe, with Η emission lines which vary in strength over a course of several nights. All of the absorption lines are extremely weak (see Fig. 1 of Crampton et al.) , presumably filled by some overlying continuous emission. The star's velocity is somewhat variable, with a range of -50 km s~ ^ suggesting it is a binary system. The mean velocity of CAL 9 is + 250 km s -1 , indicating LMC membership.
CAL Ε (RX J0502.9-6626) was also found by the Einstein Observatory (Long et al. 1981) . A comparison of the Einstein and ROSAT fluxes shows CAL Ε is highly variable. Schmidtke et al. (1995) found its average X-ray intensity varies by more than a factor of ten, reaching ~3.7X 10 37 erg s~1 in the 2-10 keV range at maximum luminosity. They discovered the X-rays are pulsed with a period of 4.06 s, implying it is a binary with an orbital period near 30 days [from the relation between P^sJ^oTh given by Corbet (1984) Fig. 1-Models for 20,000, 30,000, and 40,000 Κ and log g=4.0, as described in the text, compared to mean UV spectra of CAL 9, CAL Ε, and RX J0520.5-6932. The resolution is ~6 Â. Note that the strength of the absorption features in the models is a better temperature discriminant than the shape or slope of the continuum. Above the IUE spectra, a few of the strongest stellar features have been marked: the Si iv doublet near 1400 Â; a blend of C m, Fe iv, Ni m, and Ni iv near 1430 Â; and the C iv doublet at 1550 Â. The observed C iv line is a blend of both stellar and interstellar absorption. The strongest interstellar features are marked at the bottom of the figure. From short to long wavelength, they are due to Ο ι + Si n, C n. Si n, C iv, and Al n. These features would not be expected to be present in the models. first suggested by Cowley et al. (1984) . The optical spectrum is shown by Crampton et al. (1985-their Fig. 1 ). The identification of CAL Ε with this Be star was recently confirmed by ROSAΓ-HRI observations (Schmidtke et al. 1994 ; see finding chart in their Fig. 3 ). The X-ray source is coincident with the northern component of a pair of stars (separated by -10") of similar brightness. CAL Ε has weak Η absorption, partially filled with emission, and He I absorption. Like CAL 9, both the spectrum and velocity of CAL Ε are variable. The mean velocity of the system is +285 km s" 1 , and the observed range is -20 km s _1 (Crampton et al. 1985) . Its average magnitude and color are extremely similar to CAL 9, with 1^-14.4 and B -V 0.10. Both stars appear to be LMC members, and therefore have absolute magnitudes of M v 4, rather typical for Be stars (e.g., Doazan 1982) .
RX J0520.5-6932 was not detected by Einstein but was a serendipitous ROSAT discovery (Schmidtke et al. 1994) . It is identified with Star 1 in the finding chart given by Schmidtke et al. The star has an average magnitude of V~ 14.4 and color of 2? -y-O.O. Its spectral type is 08e. All absorption lines are anomalously weak (possibly filled by an overlying continuum), and the hydrogen lines have obvious emission. The velocity indicates LMC membership; the He I and He π absorption lines average + 265 km s _ 1 while Uß emission gives +245 kms -1 , both indicating LMC membership. Insufficient spectra are available to assess the variability of its radial velocity, but the X-ray luminosity suggests it is probably in a binary system.
OBSERVATIONAL DATA
To further investigate the properties of these systems we obtained ultraviolet spectra using the International Ultraviolet Explorer (IUE) satellite. In particular, we were interested in determining whether there was any evidence of a disk which might be supplying the additional continuum emission which is implied by the weakness of the optical absorption lines. This paper gives the results obtained from these IUE observations. In addition, we present a summary of the optical photometry we have obtained at Cerro Tololo InterAmerican Observatory during four observing runs.
UV Spectroscopy
Ultraviolet spectra of the three systems were obtained with IUE in both the short (SWP) and long (LWR) wavelength regions. The LWR spectra suffer from considerable solar contamination (scattered light) at wavelengths longer than 2400 Â. Since this region is not critical to detection of a hot continuum source nor to searching for high-excitation emission lines, we restricted our analysis to the SWP spectra (1200-2000 Â). Four SWP spectra were taken of both CAL Ε and CAL 9 and three of RX J0520.5-6932. Table 1 gives the dates of the observations and other details about the IUE spectra. Only a single UV bright object was present in the IUE field of view for each object. No noticable spectral variations were found between exposures for any of the stars.
Comparison of the fluxed spectra shows they are constant within 5%-10%. Any intrinsic variation is below the noise and internal characteristics of the camera used (Bohlin et al. 1980) .
Initial data reduction and analysis were carried out using the IUE Remote Data Analysis Facility (RDAF) software. Each spectrum was extracted using the optimized Gaussian extraction method (GEX) and dereddened with an assumed value of £ 5 _^=0.10, appropriate for the LMC. Fitzpatrick's (1985) general UV extinction law for the LMC was applied.
The spectra were carefully examined for any evidence of possible emission lines, frequently present in X-ray binaries, such as CIV, Ν ν, or He n. We found no ultraviolet emission features. The spectra do show several stellar absorption lines typical of O and Β stars, including C iv and Si IV. All of the spectra also show interstellar absorption lines, typical for objects in the LMC (e.g.. Blades et al. 1988 ). The ultraviolet spectra are displayed in Fig. 1 together with the log g=4 models for r eff =20,000, 30,000, and 40,000 K, as described below. The most prominent stellar features are identified above the CAL 9 spectrum, and some interstellar lines are marked at the bottom of the figure.
Comparison of Observed Spectra with Models
To determine the temperatures of these three systems, ultraviolet model atmospheres were compared to the summed SWP spectra for each star. We used version 6.2 of the general stellar atmosphere code PHOENIX to compute model atmospheres and synthetic spectra to compare to the observations. (PHOENIX is described in some detail in Hauschildt et al. 1996 and references therein. Therefore, here we give only a brief description.) phoenix uses an accelerated A-iteration (ALI or operator splitting) method to solve the time-independent, spherically symmetric, fully relativistic radiative transfer equation for lines and continua, to all orders in i;/c including the effects of relativistic Doppler shift, advection, and aberration. The multi-level, non-LTE rate equations can be solved, selfconsistently, for 15 elements with a total of 3742 NLTE levels and 37,007 primary NLTE lines, using an rateoperator splitting method. Simultaneously we solve for the special relativistic condition of radiative equilibrium in the Lagrangian frame using a modified Unsöld-Lucy temperature-correction scheme. The generalized (for non-LTE) equation of state (EOS) is solved for 39 elements and up to 27 ionization stages per element.
In addition to the non-LTE lines, the models include selfconsistent line blanketing of the most important (~ 10 6 ) metal lines selected from the latest atomic and ionic line list (-42 million lines) of Kurucz (1994) . We treat line scattering in the metal lines (approximately) by parameterizing the albedo for single scattering, a. The calculation of a would require a full non-LTE treatment of all lines and continua, which is outside of the scope of this paper. Therefore, we adopt an average value of α=0.95 for the lines of species treated in LTE. This value was derived from the results of NLTE calculations as a good first approximation.
For the models presented in this paper, we used the static, plane-parallel mode of phoenix. We have computed models for log £=4 and log £=5 using solar abundances. However, observationally determined gravities for similar stars (e.g., Underbill 1982) suggest that log g=4 is the best choice for comparison with our IUE spectra. Three models, with T e ff = 20,000, 30,000, and 40,000 Κ are shown in Fig. 1 . Each model is smoothed to 6 Â resolution for direct comparison with the IUE data. It can been seen from these models that the continuum slope and shape are not very good 14.Θ
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.I'll. temperature discriminants in this range. Instead, the role of blended lines is far more important. The identity of the strongest stellar features is marked on the figure. The strongest interstellar lines are also indicated. At least some of the absorption features in the observed stellar spectra are blends of both interstellar and stellar lines (e.g., CIV at 1550 Â), making it very difficult to derive accurate temperatures. The best that we can do is note that all three systems are most closely fitted by the 30,000 Κ model, which is reasonable for stars of their spectral types (Underbill 1982) . Thus, there is no clear evidence either from emission lines or from ultraviolet temperatures that these stars are in any way unusual.
Optical Photometry
We have monitored all three of these systems during observing runs at CTIO in Chile. Figure 2 compares the V magnitudes and B -V colors obtained at four different epochs between 1991 and 1993. Although the systems are of comparable brightness, the estimated photometric errors for RX J0520.8-6932 are larger because it lies in a much denser stellar field. Some of our data on CAL Ε (Schmidtke et al. 1995) and CAL 9 (Schmidtke and Cowley 1992) have been published 3 but none of the data for RX J0520.5 -6932 has been previously presented. The systems show variations of up to a few tenths of a magnitude between observing runs and smaller changes on a time scale of a few days, typical of Be-star systems. Within the estimated errors, RX J0520.5 -6932 shows no color variation, and the range seen in CAL 9 is small. CAL Ε exhibits a strong correlation between brightness and color, with the system becoming noticeably redder as it brightens, as illustrated in Fig. 3 . The best-fit line has a slope of Δ νΐΔ(Β -V) = -2.46± 0.08. This is the same type of variation observed in isolated early-type Be stars (Hirata 1982) . A similar relationship has also been observed for the X-ray binary LMC X-3 (Cowley et al. 1991) . The color changes seen in CAL Ε imply that the variable source of light comes from a component that is cooler than the Be star itself. If the same cool component is responsible for filling in the star's optical absorption features, then it is not surprising that light from this additional source is undetected in the UV spectra.
SUMMARY
Ultraviolet IUE spectra have been obtained for three Bestar/X-ray binaries. No evidence of emission lines which might signal the presence of a hot accretion disk was found. The spectra have been compared to models, and approximate temperatures near 30,000 Κ have been inferred. Photometric observations over several observing runs show that these systems vary slightly in V.
Note added in proof: Additional photometry for CAL Ε was obtained at CTIO in 1995 November. The mean values of two measurements are V= 14.35 and B-V= -0.16. Comparison with Fig. 3 shows the source was slightly bluer than expected for the observed magnitude.
